INTRODUCTION
============

In eukaryotic cells, a long strand of genomic DNA is three dimensionally organized in a cell nucleus as chromatin. Growing evidence has suggested that the nucleosomes, consisting of DNA wrapped around core histones ([@B33]), are rather irregularly folded without the regular chromatin fibers ([@B19]; [@B31]; [@B35]; [@B28]; [@B57]; [@B59]; [@B11]; [@B52]). Superresolution fluorescence microscopy and chromosome conformation capture (3C) derivatives such as Hi-C have revealed the existence of various chromatin domains, such as topologically associating domain (TAD), in the cell ([@B40]; [@B17]; [@B46]; [@B61]; [@B56]; [@B18]; [@B7]; [@B14]; [@B47]).

According to typical textbook models, chromatin can be categorized into two types ("euchromatin" and "heterochromatin") based on its degree of compaction ([@B1]; [@B55]). These two types of chromatin were originally observed in 1928 by [@B25] and were described as sparse and dense chromatic regions. Heterochromatin has been further grouped into constitutive and facultative types, each of which plays a distinct role in the regulation of genomic functions ([@B10]; [@B68]).

Constitutive heterochromatin is typically gene poor, usually possesses AT-rich repetitive DNA sequences and has a highly condensed structure ([@B38]; [@B58]). It provides structural functions in areas such as chromosome centromeres or telomeres and replicates in the mid to late S phase. Masses of pericentric heterochromatin in mouse interphase cells, often called "chromocenters" ([@B22]), have been extensively studied as a constitutive heterochromatin model. Pericentric heterochromatin is composed of highly clustered major satellite repeat sequences (several Mb of 234 base pair units) associated with centromeres, and is highly condensed and easily detectable by DNA staining as large 4′,6-diamidino-2-phenylindole--(DAPI) dense foci ([@B38]; [@B58]). The signal intensity of foci by DAPI staining is sixfold higher than that in surrounding regions ([@B5]), and is marked with heterochromatin protein 1 (HP1) ([@B21]; [@B38]), MeCP2 ([@B45]; [@B9]), and tail methylation of histone H3 (H3K9me3) ([@B3]).

Facultative heterochromatin corresponds to genetic regions that are silenced through a mechanism involving histone modification or RNA binding ([@B68]; [@B73]). It is not repetitive, and shares some features of constitutive heterochromatin. Importantly, under specific developmental or environmental conditions, facultative heterochromatin can lose its condensed structure and become transcriptionally active. A famous process involving facultative heterochromatin is X-inactivation, through which one of the copies of the X chromosome present in female mammals is transcriptionally silenced, creating a Barr body ([@B73]; [@B44]; [@B67]; [@B16]; [@B30]).

Although the heterochromatin is generally well condensed, it does not completely prevent protein diffusion ([@B15]). For example, fluorescence correlation spectroscopy (FCS) imaging detected diffusion of protein molecules into heterochromatin regions ([@B5]; [@B6]), as reported in condensed mitotic chromosomes ([@B12]; [@B27]). In light of other factors, including their low levels of transcription ([@B68]; [@B58]) and DNA replication in mid to late S phase ([@B22]; [@B72]), heterochromatin regions seem to pose only a moderate barrier to protein access. To determine what is responsible for such a barrier, it is critical to not only characterize the molecular components of heterochromatin (including histone modifications, specific proteins, and RNAs) ([@B21]; [@B38]; [@B58]; [@B3]) but also to investigate the physical properties of heterochromatin, such as its density in live cells. We could relatively easily obtain DNA density information in the heterochromatin as described above (e.g., [@B5]) and also from the recent volume analyses on specific regions in heterochromatin using a combination of superresolution imaging, chromatin immunoprecipitation sequencing (ChIP-seq), and DNA-fluorescence in situ hybridization (FISH) techniques (see *Results*) ([@B7]; [@B70]). However, to understand the moderate access barrier mechanism, we also need to know the total density, including nonnucleosomal material (proteins, RNAs) in the heterochromatin of live cells.

While elucidating such physical properties in live cells is technically challenging, it can be achieved through differential interference contrast (DIC) microscopy ([@B29]; [@B51]), a common tool in cell biology research. DIC images are produced by the interference of two laterally displaced light beams passing through a sample (e.g., live cells), capturing information about the optical path length in the sample to reveal otherwise invisible features ([@B2]). The difference in optical path length between the two beams provides contrast to the image, which reflects local differences in the refractive index within the sample. However, contrast in DIC images depends on the direction of displacement between the two light beams and the sample, also called the "shear direction," precluding quantitative measurement of the optical path length.

To overcome the limitations of DIC systems, an orientation-independent differential interference contrast (OI-DIC) microscopy method was developed ([@B63]). OI-DIC microscopy allows the directions of displacement for the two light beams to be switched rapidly without mechanically rotating the sample or the prisms, generating a quantitative optical path difference (OPD) map. Based on the OPD value, it is possible to estimate the density of intracellular components in live cells.

Using OI-DIC microscopy, we focused on the pericentric heterochromatin foci (chromocenters) in live mouse NIH3T3 cells. We quantified the absolute density of the materials in the pericentric foci and surrounding regions, which are putatively euchromatic and free from MeCP2 and H3K9me3 heterochromatic marks. Our quantification showed that the density of the heterochromatin was 208 mg/ml, only 1.53-fold higher than that of the surrounding euchromatic regions (136 mg/ml). Surprisingly, this difference was much smaller than that obtained from fluorescence staining of genomic DNA (5.5--7.5-fold). These results, as well as further analysis, suggested that nonnucleosomal materials (proteins, RNAs), which can contribute to chromatin compaction through the macromolecular crowding effect ([@B4]; [@B39]; [@B23]), were dominant in both heterochromatin and euchromatin (∼120 mg/ml). Our computational simulation suggested that the nonnucleosomal materials help create a moderate barrier to the diffusion of proteins to heterochromatin, where they dynamically regulate heterochromatin functions. The results of this study reveal a novel aspect of heterochromatin in live cells related to its density.

RESULTS
=======

Density of heterochromatin in live mouse cells was only 1.53-fold higher than that of the surrounding euchromatic regions
-------------------------------------------------------------------------------------------------------------------------

To estimate the density of total materials in the heterochromatin and euchromatin regions, we used an OI-DIC microscopy system; the principal schematic of this system is shown in [Figure 1A](#F1){ref-type="fig"}. On the basis of the OPD map obtained from OI-DIC imaging ([Figure 1B](#F1){ref-type="fig"}), as well as the measured thickness of the sample (Supplemental Figure S1, A and B) and refractive index (RI) of the surrounding medium, we were able to calculate the dry mass density of the sample ([Figure 1B](#F1){ref-type="fig"} and Supplemental Figures S1--S3; for more details, see *Materials and Methods*). Next, to evaluate whether OI-DIC imaging and subsequent analysis could accurately estimate RI, we observed glass rods (diameter = 4 µm) in a mineral oil with known RI (1.54 and 1.58) and calculated the theoretical OPD ([Figure 1, C and D](#F1){ref-type="fig"}). We found that theoretical and optically measured OPD were almost identical ([Figure 1, C and D](#F1){ref-type="fig"}), validating the accuracy of our OI-DIC imaging for estimating the RI of samples with measured OPD.

![OI-DIC imaging system for biological samples. (A) Schematic of the OI-DIC setup. Details of the microcopy system are described under *Materials and Methods*. (B) A procedure for estimating sample (depicted as a sphere) RI. Our OI-DIC microscopy can computationally quantify optical path differences (OPDs) at each spatial point. For details, see *Materials and Methods*. (C, D) Validation of density imaging by OI-DIC microscopy using known glass rods and mineral oils. The RI of the glass rods was 1.56, and those of the oils were 1.54 in C and 1.58 in D. Note that the theoretical and experimental values were almost the same, ensuring the accuracy of our RI quantification. Scale bar: 5 µm.](3349fig1){#F1}

Using the method described above (see also [Figure 2A](#F2){ref-type="fig"}), we performed OI-DIC imaging of live mouse fibroblast NIH3T3 cells. We clearly observed cytoplasmic organelles, nuclear envelopes, and presumably nucleoli ([Figure 2B](#F2){ref-type="fig"}, left). Subsequent analyses mainly focused on large pericentric heterochromatin foci, which are a strong constitutive heterochromatin model. To identify the precise positions of heterochromatin foci in a nucleus, we specifically labeled the foci with enhanced green fluorescent protein--(EGFP) fused MeCP2 ([Figure 2B](#F2){ref-type="fig"}, right), which is a methylated DNA binding protein and a marker protein of constitutive heterochromatin ([@B45]; [@B9]). We confirmed that MeCP2-EGFP localized in certain regions that were strongly stained with Hoechst 33342 as foci ([Figure 2B](#F2){ref-type="fig"}, center and right).

![Density imaging of heterochromatin in live mouse cells. (A) Simple schematic of the method to estimate the RI~cy~. The RI~cy~ can be calculated based on the measured RI~med~ and thickness *t* values (Supplemental Figures S1, A and B, and S3). For details, see Supplemental Figure S2 and *Materials and Methods*. (B) Typical images of the optical path difference (OPD) map, DNA staining, and MeCP2-EGFP signals in live NIH3T3 cells. In DNA staining and MeCP2-EGFP images, colocalized large foci (blue and cyan arrowheads) were assumed to be the pericentric heterochromatin. Note that the OPD of pericentric foci was similar to or slightly higher than that of the surrounding regions. High-intensity regions with the heart and sphere shapes in the nuclei of OPD maps were nucleoli (Supplemental Figure S4). Insets: magnified images of the foci indicated by cyan arrowheads. Scale bar: 5 µm. (C) Confocal microscope images of DNA staining (Hoechst 33342) and MeCP2-EGFP in live NIH3T3 cells. The regions surrounding the pericentric foci seem almost free of MeCP2. Scale bar: 5 µm. (D) Difference in signal intensity between the heterochromatin (Hch) visualized by MeCP2-EGFP and the surround­ing euchromatin region (Ech) in live NIH3T3 cells. The fluorescence ratio between these regions is 38.6 (*n* = 22 cells). (E) Confocal images of DNA staining (DAPI) and immunostaining with α-H3K9me3 in a fixed NIH3T3 cell. Consistent with MeCP2-EGFP, the regions surrounding pericentric foci were almost free of α-H3K9me3 signals. Scale bar: 5 µm. (F) The signal intensity quantification of the images in E. The fluorescence ratio is 32.3 (*n* = 21 cells). (G) The estimated total densities of euchromatin (Ech) and pericentric heterochromatin foci (Hch) were 136 and 208 mg/ml, respectively. The median density ratio between them was 1.53. Ech, *n* = 13; Hch, *n* = 26.](3349fig2){#F2}

After acquiring the OPD map for live NIH3T3 cells, we unexpectedly found that the OPD of the pericentric foci (arrowheads in [Figure 2B](#F2){ref-type="fig"}) was similar to or slightly higher than that of the surrounding regions. Because the surrounding regions not only exhibited much weaker Hoechst 33342 signals ([Figure 2, B](#F2){ref-type="fig"}, center, and [C](#F2){ref-type="fig"}, left) but also were nearly free of MeCP2 ([Figure 2, C](#F2){ref-type="fig"}, right, and [D](#F2){ref-type="fig"}) and histone H3K9me3 marks ([Figure 2, E](#F2){ref-type="fig"}, right, and [F](#F2){ref-type="fig"}) ([@B3]), we called them "surrounding euchromatin regions" or "euchromatin regions" (see also *Discussion*). Thickness data for cytoplasm, nuclei, and cells was obtained by confocal laser microscopy (Supplemental Figure S1), which we used to estimate densities at the pericentric foci labeled with MeCP2-EGFP and the surrounding euchromatin (for details, see [Table 1](#T1){ref-type="table"} and Supplemental Figure S2).

###### 

Densities of cellular compartments in various cell lines/conditions (mg/ml) (median ± quartile deviation).

                      Cytosol      Surrounding euchromatin   Heterochromatin           Nucleolus
  ------------------- ------------ ------------------------- ------------------------- ------------
  Live NIH3T3         165 ± 18.6   136 ± 12.9                208 ± 31.3                259 ± 24.4
  NIH3T3 MeOH fixed   136 ± 17.3   109 ± 15.4                289 ± 31.3                292 ± 34.1
  NIH3T3 FA fixed     145 ± 8.78   144 ± 8.05                174 ± 16.5                254 ± 20.7
  Live RPE-1          161 ± 6.91   137 ± 7.52                202 ± 25.2 (Inactive X)   226 ± 15.9

Interestingly, the density of pericentric foci was 208 mg/ml, whereas that of the surrounding euchromatin was 136 mg/ml ([Figure 2G](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). The difference between these two densities (heterochromatin/euchromatin) was only 1.53-fold ([Figure 2G](#F2){ref-type="fig"}). To compare the obtained total density of the pericentric foci with their DNA density, we examined the fluorescence intensity of Hoechst-stained live mouse NIH3T3 cells using confocal laser scanning microscopy ([Figure 3A](#F3){ref-type="fig"}, left). In accordance with a previous report ([@B5]), the intensity of DNA staining was 7.5-fold higher than that of the surrounding regions ([Figure 3B](#F3){ref-type="fig"}), which was much greater than the total density difference (1.53-fold). Live NIH3T3 cells expressing histone H3.1-EGFP ([Figure 3A](#F3){ref-type="fig"}, right panel) also showed that the intensity of EGFP in the foci was 5.5-fold higher than that of the surrounding regions ([Figure 3C](#F3){ref-type="fig"}), thus excluding possible bias resulting from the high-affinity of the Hoechst dye to the AT-rich sequences of the foci. Furthermore, this 5.5-to 7.5-fold density difference is consistent with those estimated from volumes of specific heterochromatin (inactive/repressed) and euchromatin (actively transcribed) regions based on superresolution imaging, ChIP-seq, and DNA-FISH techniques ([@B7]). Taken together, these results suggest that, although DNA was highly condensed at the pericentric heterochromatin foci, the total density of the regions (including nonnucleosomal materials such as proteins and RNAs) was comparable to that of the surrounding euchromatin regions ([Figure 2G](#F2){ref-type="fig"}).

![Difference in DNA density between pericentric heterochromatin foci and euchromatin. (A) Typical confocal images of Hoechst 33342 and H3.1-EGFP signals in live NIH3T3 cells. Large foci in the nuclei are pericentric heterochromatin foci. Scale bar: 5 µm. (B, C) Differences in signal intensity between the heterochromatin (Hch) and surrounding euchromatin (Ech) regions in live NIH3T3 cells. Signal intensity ratios: 7.5 (Hoechst 33342, B) and 5.5 (H3.1-EGFP, C). *n* = 18 for Hoechst 33342 staining and *n* = 16 for H3.1-EGFP. (D) Estimated composition of the pericentric foci and euchromatin in live cells. Note that nonnucleosomal materials (nonhistone proteins, RNAs) were dominant in both chromatin regions. For details, see *Materials and Methods*.](3349fig3){#F3}

We also measured the total densities of cytoplasm and nucleoli in live NIH3T3 cells (Supplemental Figures S1A and S4; [Table 1](#T1){ref-type="table"}). These cellular features were specifically labeled in live cells using calcein ([@B43]) and EGFP-fibrillarin ([@B50]), respectively. The density of cytoplasm (165 mg/ml) was slightly higher than that of the nucleoplasm, except for the pericentric foci. The density of nucleoli (259 mg/ml) was the greatest among the cellular compartments we quantified ([Table 1](#T1){ref-type="table"}; see also *Discussion*). While performing OI-DIC imaging and density estimation on live cells, we found that methanol (MeOH) fixation and formaldehyde (FA) fixation increased and decreased the density of heterochromatin foci, respectively (MeOH, 289 mg/ml; FA, 174 mg/ml) ([Table 1](#T1){ref-type="table"} and Supplemental Figure S5). This result is consistent with the density of centromeric heterochromatin (165 mg/ml) in FA-fixed human cells measured by the coherent anti-Stokes Raman scattering (CARS)- based system ([@B54]). Furthermore, the density of the cytoplasm clearly declined after each treatment (MeOH, 136 mg/ml; FA, 145 mg/ml) ([Table 1](#T1){ref-type="table"} and Supplemental Figure S5). Our results show that the localization of nuclear and cytoplasmic materials was altered by the fixation processes, indicating that live-cell imaging is critical for proper density estimation.

Composition estimation of the pericentric heterochromatin foci in live cells
----------------------------------------------------------------------------

Given that the difference in DNA density between the foci regions and euchromatin was high ([Figure 3, B and C](#F3){ref-type="fig"}), we were interested in determining why the difference in total density between them was so low ([Figure 2G](#F2){ref-type="fig"}). To this end, we estimated the density compositions of the pericentric foci and euchromatin. We first calculated the average density of nucleosomes in a single nucleus on the basis of the total mouse genome size (one nucleosome/200 base pairs DNA; 2.8 G base pairs DNA in a haploid mouse cell) and nuclear volume (1000 µm^3^; details in *Materials and Methods*), and obtained a value of 11.5 mg/ml ([Figure 3D](#F3){ref-type="fig"}). If we assume that this value is similar to the nucleosome density of the surrounding euchromatic regions, then the density of nonnucleosomal materials (proteins, RNAs) should be 125 mg/ml, because the measured total density of the region is 136 mg/ml ([Figure 3D](#F3){ref-type="fig"}). Then, given that the DNA (or nucleosome) density of the heterochromatin foci was 7.5-fold higher than in the surrounding euchromatin regions, we calculated the densities of nucleosomes and nonnucleosomal materials in the heterochromatin foci to be 85.9 and 122 mg/ml, respectively ([Figure 3D](#F3){ref-type="fig"}). Interestingly, these simple calculations suggested that the density of nonnucleosomal materials (proteins, RNAs) was comparable between the heterochromatin and surrounding euchromatin ([Figure 3D](#F3){ref-type="fig"}) and that the nonnucleosomal contribution was dominant in determining these total densities.

Total density in the inactive X chromosome was only 1.48-fold higher than the surrounding regions
-------------------------------------------------------------------------------------------------

The pericentric foci that we investigated as described above are a model of constitutive heterochromatin. Therefore, to ascertain the generality of our findings, we examined inactivated human X chromosomes, a classic facultative heterochromatin model ([@B73]; [@B44]; [@B67]; [@B16]; [@B30]). To this end, we used the near-diploid human cell line RPE1. RPE1 cells have brightly stained foci, often attached to the nuclear envelope ([Figure 4A](#F4){ref-type="fig"}, right), which are very likely to be condensed inactive X chromosomes with H3K9me3 heterochromatin marks ([@B49]) ([Figure 4B](#F4){ref-type="fig"}). We found that the total density of the inactive X chromosome (202 mg/ml) was just 1.48-fold higher than the surrounding regions (137 mg/ml, [Figure 4C](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}), which were almost free of H3K9me3 heterochromatin marks ([Figure 4B](#F4){ref-type="fig"}); cytoplasm, nucleoplasm, and nucleoli in live RPE1 cells also had similar densities to NIH3T3 ([Figure 4A](#F4){ref-type="fig"} and Supplemental Figure S6A). These results suggest that our findings can be generalized to different types of heterochromatin.

![Density of condensed inactive human X chromosome. (A) OPD maps (first row) and DNA staining (second row) of live NIH3T3 cells (left) and RPE1 cells (right). Note that the RPE1 cell has a brightly stained area attached to the nuclear envelope (arrowhead), which is likely to be an inactive X chromosome. High-intensity regions in the nuclei of OPD maps are nucleoli (also see Supplemental Figure S4). (B) Fluorescence images of DNA staining (DAPI, upper) and α-H3K9me3-immunostaining of FA-fixed RPE1 cells. Regions surrounding inactive X chromosomes seem to be free of H3K9me3 marks. (C) The density of the nucleoplasm (euchromatin, Ech) and inactive X chromosome (heterochromatin, Hch) in RPE1 cells (density ratio: 1.48, *n* = 10 for each).](3349fig4){#F4}

A moderate barrier of access to heterochromatin revealed by Monte Carlo simulation
----------------------------------------------------------------------------------

Although we found that nonnucleosomal materials (proteins, RNAs) were the dominant components of heterochromatin and euchromatin, the biological significance of this finding was not immediately clear. Thus, to investigate the significance of this finding, we created a simple computational model of the heterochromatin-euchromatin boundary using Monte Carlo simulation ([@B41]; [@B42]), which can reproduce the movements of objects such as nucleosomes ([@B27]; [@B48]; [@B36]). This type of computational modeling can be used to predict the behavior of proteins under conditions that are either difficult to directly observe by imaging or difficult to generate experimentally ([@B26]). We examined the accessibility of the heterochromatin regions by model proteins (tracers) under various conditions ([Figure 5A](#F5){ref-type="fig"}).

![Moderate access barrier for heterochromatin revealed by Monte Carlo simulation. (A) Simulation schemes to study the molecular access to heterochromatin in the "nucleosomes only" situation. Different numbers of crowding agents (gray spheres) were put into the left and right halves of the box at densities corresponding to the nucleosome densities of euchromatin (11.5 mg/ml) and heterochromatin (85.9 mg/ml). Then 50 tracers (red spheres) were placed in the left half of the box (left, time *t* = 0), and all tracer spheres were randomly moved. Later, some of the tracers (red spheres) moved into the heterochromatin region (right, time *t* = ∼3 ms). We analyzed the fraction of tracers in the dense half and the trajectories of the tracers. To aid in visualization, crowding agents were made transparent. (B) Typical trajectories of the tracers in the simulation corresponding to [A](#F5){ref-type="fig"} with periodic boundaries to avoid problems caused by finite space. The trajectories were two dimensionally projected onto an *x*-*yz* plane. *yz* is a cylindrical coordinate; *yz* = (*y*^2^ + *z*^2^)^1/2^. The dense regions are shaded in gray, and the starting regions for the tracers are marked with yellow. Tracers with diameters of 5 or 10 nm could easily diffuse into the dense regions. (C) Table showing the percentages of various tracers (5, 10, 15, and 20 nm) that were localized in the dense half. From left to right columns: only nucleosomes condition (mean ± SD); nucleosomes/nonnucleosomes condition (mean ± SD); percentage suppression to dense regions in the nucleosomes/nonnucleosomes condition. (D) Snapshot of the simulation with additional crowding agents (nonnucleosomal materials): sparse euchromatin (left, 136 mg/ml) and dense heterochromatin (right, 208 mg/ml) regions at *t* = ∼3 ms. To aid in visualization, only part of the simulation space is presented (20% of the entire space, 210 × 210 × 42 nm). (E) Typical trajectories of the tracers in the simulation corresponding to [D](#F5){ref-type="fig"} with periodic boundaries. Note that the diffusions of tracers were suppressed to a greater degree than in [B](#F5){ref-type="fig"}. (F) Fraction of tracers localized in the dense region under various density conditions. For each tracer type (5-, 10-, 15-, and 20-nm diameter), the fraction within the dense half at equilibrium (∼50 ms) is shown. Note that the 1.53-fold higher density corresponds to the estimated density ratio between heterochromatin and euchromatin in live cells.](3349fig5){#F5}

We defined a cubic space that had two regions, left and right halves ([Figure 5, A and D](#F5){ref-type="fig"}). As crowding agents, spheres with 9.6 nm diameters were placed into the left ("sparse") and right ("dense") regions at low and high densities, respectively. For simplicity, we used the size and weight of nucleosomes as representatives of the various crowding agents including nucleosomes, proteins, RNAs, and their complexes. To maintain the density difference between the two regions, we restricted the movement of the crowding agents to within each region. To investigate accessibility into the dense half, we added spheres with various diameters to the sparse half as tracers and allowed them to move freely within the entire space. To determine whether the density difference created a barrier to the dense region, we measured the fraction of the tracers in the dense half after a period of time.

First, we placed crowding agents into the sparse and dense regions at 11.5 and 85.9 mg/ml, respectively. This represented the nucleosome densities in euchromatin and heterochromatin, respectively, and produced the 7.5-fold density difference between the two regions ([Figure 5A](#F5){ref-type="fig"}). Under these conditions, small tracers (5--10 nm in diameter) moved quite freely within the entire space ([Figure 5, B and C](#F5){ref-type="fig"}), although some suppression of access to the dense region (heterochromatin) by large tracers was observed, presumably due to the excluded volume effect in the dense region.

Next we added more crowding agents, representing nonnucleosomal materials, to the sparse and dense regions: 136 mg/ml in the sparse region and 208 mg/ml in the dense region ([Figure 5D](#F5){ref-type="fig"} and Supplemental Movie 1). We observed an access suppression effect, particularly for large tracers 10--20 nm in diameter ([Figure 5, C, E, and F](#F5){ref-type="fig"}), which is consistent with the in vivo situation ([@B5]; [@B6]; [@B15]). This suggested that the dominance of nonnucleosomal materials contributed to the creation of a moderate access barrier for heterochromatin. After adding more crowding agents to the dense region to a total density of 136--340 mg/ml (1.53- to 2.5-fold density difference), the access-barrier effect became more severe ([Figure 5F](#F5){ref-type="fig"}). With sphere tracers of 20 nm in diameter, the accessibility to heterochromatin was almost completely inhibited ([Figure 5F](#F5){ref-type="fig"}).

DISCUSSION
==========

To elucidate the physical properties of chromatin, we used a novel OI-DIC imaging method and subsequent computational analysis ([Figures 1A](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}; Supplemental Figures S1--S3) to calculate the absolute density of heterochromatin and adjacent euchromatin regions, including nucleosomes and nonnucleosomal materials (e.g., proteins, RNAs) in live cells ([Figures 2G](#F2){ref-type="fig"} and [4C](#F4){ref-type="fig"}). On the basis of the difference in DNA density between these regions (i.e., a 5.5- to 7.5-fold difference) ([Figure 3, B and C](#F3){ref-type="fig"}), we expected that heterochromatin would be very dense. Surprisingly, we found that the pericentric foci (208 mg/ml) and inactive X chromosomes (202 mg/ml) were only 1.53- and 1.48-fold denser, respectively, than the surrounding euchromatin ([Figures 2G](#F2){ref-type="fig"} and [4C](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). This may be because nonnucleosomal materials were dominant (∼120 mg/ml) in both regions ([Figure 3D](#F3){ref-type="fig"}). Our study provides a novel "live" view of heterochromatin that includes not only densely packed nucleosomes but also nonnucleosomal proteins and RNAs.

The results of our simulation suggested that nucleosomes alone could not create an efficient barrier of access to heterochromatin regions ([Figure 5, B and C](#F5){ref-type="fig"}) and that the addition of nonnucleosomal materials to both the sparse and dense regions contributed to the formation of a moderate barrier to proteins accessing dense regions ([Figure 5, C, E, and F](#F5){ref-type="fig"}). This result is consistent with in vivo observations that a very small fraction of large fluorescent dextran (∼500 kDa; Stoke's radius \~15 nm) can diffuse into pericentric heterochromatin in NIH3T3 cells ([@B5]), see also [@B6] and [@B15]. This type of moderate barrier, which allows minimal protein access to heterochromatin and makes the regions structurally controllable, may play an important role in heterochromatin functions such as low-level transcription ([@B68]; [@B58]) and mid to late S phase DNA replication ([@B22]; [@B72]). On the other hand, the nucleoli, whose density was the highest (259 mg/ml) among the cellular components ([Table 1](#T1){ref-type="table"} and Supplemental Figure S4), might present a much stronger barrier to protein access and require active transport systems for proteins. Consistently, it has been reported that nucleolar localization signals exist that target proteins to nucleoli ([@B24]; [@B60]).

Besides the access barrier function of nonnucleosomal proteins and RNAs, we suggest that a high concentration (∼120 mg/ml) of the nonnucleosomal materials generates the macromolecular crowding effect/depletion attraction seen in crowded environments, where 20--30% of the volume is occupied by soluble proteins and other macromolecules ([@B4]; [@B39]; [@B23]). We further propose that this effect plays an important role in local chromatin compaction in the process of heterochromatin formation, as suggested previously ([@B5]; [@B69]; [@B20]). Furthermore, since recent studies using superresolution imaging or the Hi-C technique have revealed that chromatin is organized as domains ([@B40]; [@B17]; [@B46]; [@B61]; [@B56]; [@B18]; [@B14]; [@B47]) with various sizes (∼100--200 nm), the macromolecular crowding effect caused by high concentrations of nonnucleosomal materials may also contribute to the formation of chromatin domains. Consistent with this notion, hypotonic treatment of live cells, which likely reduces the crowing effect, was shown to decondense the chromatin domain structure ([@B47]).

From a technical perspective, our results confirmed that OI-DIC imaging could achieve a lateral resolution of ∼300 nm and low OPD noise levels (∼0.5 nm) at a wavelength of 546 nm. The pericentric heterochromatin ([Figure 2](#F2){ref-type="fig"}) and inactive X chromosomes ([Figure 4](#F4){ref-type="fig"}) have micron-sized dimensions suitable for examination. On the other hand, because of the resolution limitation, we must bear in mind that the obtained total densities in the euchromatic regions that we measured in [Figures 2](#F2){ref-type="fig"} -- [4](#F4){ref-type="fig"} were the averaged values of the chromatin domains (∼100--200 nm) and surrounding domain-free regions.

In principle, any quantitative interference and phase microscopy technique, such as spatial light interference microscopy (SLIM), can be employed for density imaging of cells ([@B71]). However, OI-DIC provides better image quality and superior resolution (Supplemental Figure S7) because it employs the full numerical apertures of the condenser and the objective lenses, as well as optical subtraction of the images, followed by computation subtraction ([@B66]). The OI-DIC technique can be easily integrated with conventional fluorescence imaging systems. Using OI-DIC, the organelles in live cells could be identified using fluorescence markers, and subsequent organelle development with density quantification could be tracked over a long time series with minimal phototoxicity.

Finally, we emphasize the importance of live cell studies to understand the biophysical nuclear properties, which govern nuclear functions and both facilitate and constrain the diffusion of protein factors and their complexes. Our study sheds new light on the need to consider not only chromatin compaction (DNA density) but also nonnucleosomal materials (proteins, RNAs) as obstacles of a free diffusion. The obtained density information can provide critical physical parameters for comprehensive computational modeling of chromatin and chromosomes (e.g., [@B13]; [@B53]; [@B62]).

MATERIALS AND METHODS
=====================

OI-DIC imaging system for biological samples
--------------------------------------------

The principal schematic of the OI-DIC microscopy system is shown in Figure 1A. The microscope includes a light source with a bandpass filter, crossed linear polarizer and analyzer, phase shifter, condenser and objective lenses, tube lens, and charge-coupled device (CCD) digital camera. To overcome the limitations of conventional DIC imaging, the microscope contains two beam-shearing assemblies ([@B64]). Each assembly consists of two identical DIC prisms and a 90° polarization rotator. Rotating light polarization by the rotators allows the shear directions to be rapidly switched by 90° without mechanically rotating the samples (e.g., live cells) or the prisms. We captured six raw images using OI-DIC microscopy, with two perpendicular shear directions and three biases ± 0.15λ and 0, where λ is the wavelength. The captured OI-DIC images were processed into OPD images (maps) whose intensity corresponded linearly to the OPD value. Image processing was performed using home-built software (OIDIC.exe). This and other processing algorithms were previously described ([@B65]; [@B63]; [@B66]).

To compare OI-DIC with the CellVista SLIM Pro phase-mapping microscope, manufactured by Phi Optics (Champaign, IL), we embedded 7-μm-diameter glass rods, which are used as spacers in liquid-crystal displays, in Fisher Permount mounting medium (Fisher Scientific, <https://www.fishersci.com>). The RIs of the glass rods and the Permount medium at wavelength 546 nm are 1.56 and 1.524, respectively. The images were obtained using 100 ×/1.4 NA oil immersion objective lenses. The CellVista SLIM captured and processed four phase-contrast images at the different biases.

Density estimation of cellular contents
---------------------------------------

To obtain calibration curves of the RIs of proteins and nucleic acids (Supplemental Figure S3), bovine serum albumin (BSA; Sigma; A-9418), and salmon sperm DNA (Fisher Scientific; BP-2514) were dissolved in cell culture medium at concentrations of 0--200 and 0--30 mg/ml, respectively. The RIs of the prepared standard solutions were measured with a refractometer, Abbé-3L (Bausch & Lomb). The measured RIs and solution densities were plotted and fitted with linear functions to obtain calibration curves.

We estimated intracellular density distribution from obtained OPD maps using the following two steps ([Figure 1B](#F1){ref-type="fig"}). First, we calculated the RI from the OPD. Because the OPD is proportional to the thickness of a sample and the difference in RI between the sample and the surrounding solution, as shown in [Figure 1B](#F1){ref-type="fig"}, we calculated the RI of samples on the basis of the RI of the surrounding solution and sample thickness. Second, we obtained the dry mass density ("density" for short) of the sample from its RI, because the RI of a sample is proportional to its density. For proteins and nucleic acids, which are the dominant materials in mammalian cells (\>60% of dry mass) ([@B1]), our calibration curves (Supplemental Figure S3; see above) of RI versus dry mass density using BSA and salmon sperm DNA showed that both were well fitted to linear functions and were almost identical (RI = 1.3375 + 1.4 × 10^--4^ × *C*, where *C* is dry mass density). Therefore, dry mass density in live cells, which consists mainly of proteins and nucleic acids, was calculated from their RI using a single calibration curve (Supplemental Figure S3). To estimate the densities of the total cell contents, we measured the average thickness of the cytoplasm and nucleus in each cell line (Supplemental Figure S1, A and B). The pericentric foci were assumed to be spherical (Supplemental Figure S1C). To obtain the RI of cytoplasm (RI~cy~), we used the RI of the surrounding culture medium (RI~med~, 1.3375) (Supplemental Figure S2). For the RIs of the nucleus and the pericentric foci, we used our calculated values of RI~cy~ and RI~nuc~, respectively (Supplemental Figure S2). These estimates were created using ImageJ software.

EGFP-MeCP2 construction
-----------------------

A plasmid containing MeCP2-EGFP was kindly provided by M.C. Cardoso ([@B9]). The moiety of MeCP2-EGFP was cut by *Xho*I and *Xba*I enzymes and blunted. The blunted fragment was inserted into the *Eco*RV site of the pEF5/FRT/VS-DEST Gateway Vector (Invitrogen) to generate pEF5-MeCP2-EGFP-FRT.

EGFP-mH3.1p-H3.1 construction
-----------------------------

A mouse histone H3.1 promoter (∼840 base pairs)-H3.1 fragment was amplified from mouse embryonic stem (ES) cell genomic DNA by PCR using the following primer set:5′-AAACATTACGAATCACCAAAGGCTCTTTTCAGAGCCACTC-3′ and5′-AGCCCTCTCCCCGCGGATGCGGCGGGCCAGCTGGATG­TCC-3′. The amplified fragment was cloned into an EGFP vector to obtain pmH3.1p-H3.1-EGFP. Then two more insert sequences were prepared. One was the H3.1promoter-H3.1-EGFP amplified from the pmH3.1p-H3.1-EGFP vector using the following primer set:5′-TAGGCTTTTGCAAAAAGCTTAAACATTACGAATCACCAAA-3′and 5′-TTACTTGTACAGCTCGTCCATGCCGAGAGT-3′. The other was the 3′ untranslated region of H3.1 (∼500 base pairs) amplified from the mouse ES genome using the primer pair: 5′-TGGACGAGC­TGTACAAGTAAAGTTCGTCTTTCTGTGTTTTTCAAA­GGCTC-3′and 5′-GCTTGACGGGGAAAGAAGCTGCTGGTTGTAGCACTTT­GGG­TTGTTCTGGG-3′.

For backbone vector preparation, the region from the EF1α-promoter to the BGH polyadenylation signal sequence was removed from pEF5/V5-FRT Gateway (Invitrogen) to create the pFRT-Hygromycin vector. The pFRT-Hygromycin vector, H3.1promoter-H3.1-EGFP sequence, and 3′ untranslated region sequence were ligated by SLIC ([@B32]) to prepare the pmH3.1p-H3.1-EGFP-3′UTR-FRT plasmid. In addition, upstream of the H3.1 promoter, an insulator fragment (tandem cHS4 kindly provided by G. Felsenfeld) was inserted to obtain pIx2-mH3.1p-H3.1-EGFP-3′UTR-FRT.

EGFP-fibrillarin construction
-----------------------------

To clone the fibrillarin gene, total RNA was isolated from NIH3T3 cells using the RNeasy Mini Kit (Qiagen), and first-strand cDNA was synthesized using the SuperScript III First-Strand Synthesis System (Thermo) with oligo(dT). The coding region of fibrillarin was amplified from the first-strand cDNA using the following primer pair: 5′-GGGGTACCATGAAGCCAGGTTTCAGCCC-3′ and 5′-GCGGGA­TCCTCAGTTCTTCACCTTGGGAG-3′. The amplified fragment was digested with *Kpn*I and *Bam*HI and ligated into *Kpn*I/*Bam*HI-digested pEGFP-C1 (Clontech, Palo Alto, CA). EGFP-fibrillarin fragments were excised, blunt-ended using T4 DNA polymerase (Takara, Japan), and inserted into *Eco*RV-precut pEF1-FRT to generate pEF1-EGFP-fibrillarin-FRT.

Cell culture and stable cell lines
----------------------------------

We used RPE1, a human cell line, and NIH3T3, a mouse cell line. All of the cell lines were maintained in DMEM (Lonza) supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 0.584 g/l [l]{.smallcaps}-glutamine (Sigma) at 37°C with 5% CO~2~ in air in a humidified incubator. To establish NIH3T3 cells expressing MeCP2-EGFP, EGFP-fibrillarin, or H3.1-EGFP, we used the Flp-In system (Invitrogen) as previously described ([@B34]; [@B27]).

OI-DIC microscopy system
------------------------

Details of the microcopy system are provided in the Supplemental Material.

Live-cell OI-DIC microscopy imaging
-----------------------------------

Cells were seeded on 24 mm × 24 mm square glass coverslips coated with poly [d]{.smallcaps}-lysine (Sigma) and cultured for 1--2 d. Then 30 min before imaging, 500 ng/ml Hoechst 33342 was added into the media and incubated further. The cells were mounted on a glass slide with a thin silicone spacer. We observed the mounted cells by OI-DIC and fluorescence imaging.

OI-DIC imaging of glass rods
----------------------------

A small number of glass rods 4 µm in diameter were suspended in two types of mineral oil with refractive indices of 1.54 and 1.58. Approximately 2 µl of the suspended solution was sandwiched between a glass slide and a coverslip, and then sealed with nail polish. The glass rods in the mineral oil were analyzed by OI-DIC microscopy using the same procedure as the live cell imaging.

Fixation
--------

For formaldehyde fixation, cells on the square glass coverslips were washed once with phosphate-buffered saline (PBS), and then fixed in 4% formaldehyde at room temperature for 15 min. The fixed cells were washed with 10 mM HEPES-KOH, pH 7.5, 100 mM KCl, and 1 mM MgCl~2~ (HMK) ([@B37]) and permeabilized with 0.5% Triton X-100 in HMK at room temperature for 5 min. The treated cells were washed with HMK, stained with 500 ng/ml Hoechst 33342 in HMK at room temperature for 10 min, and then washed again with HMK. For MeOH fixation, cells on coverslips were fixed in ice-cold MeOH at --20°C for 30 min. Then the fixed cells were washed with HMK at room temperature for 15 min, stained with 500 ng/ml Hoechst 33342 in HMK for 10 min, and washed again with HMK. Finally, the cells were mounted on a glass slide and observed as described above.

Immunostaining of histone H3K9me3
---------------------------------

Immunostaining was performed as previously described ([@B34]; [@B27]). Cells were fixed in 2% formaldehyde (Wako) and permeabilized with Triton X-100. The primary and secondary antibodies were mouse anti-H3K9me3 (a generous gift from Hiroshi Kimura) and Alexa-Fluor-594-conjugated goat anti-mouse immunoglobulin G (Invitrogen) used at dilutions of 1:500 and 1:1000, respectively. Then DAPI (500 ng/ml) was added to the cells for 5 min, followed by washing with PBS prior to DNA staining. Images were obtained using a DeltaVision microscopy imaging system (Applied Precision) or a FLUOVIEW FV1000 confocal laser scanning microscope (OLYMPUS).

Measurements of cell thicknesses
--------------------------------

Live RPE1 and NIH3T3 cells were seeded on 35 mm glass-bottom dishes. To fluorescently label DNA and cytoplasm, cells were incubated in culture medium containing 0.5 µg/ml Hoechst 33342 (Dojindo) and 5 µg/ml Calcein-AM (Dojindo) for 30 min. After washing out excess fluorescent dye, the stained cells were observed under an OLYMPUS FLUOVIEW FV1000 confocal laser scanning microscope equipped with a 60 ×/1.2 NA water objective. Hoechst 33342 and Calcein-AM fluorescence signals were acquired as three-dimensional image stacks (500 nm × 32 sections). The thicknesses of three regions (nucleus, cytoplasm, entire cell; see Supplemental Figure S1) were measured in each cell line from the acquired stack images by ImageJ software.

Measurement of nuclear volume of live cells
-------------------------------------------

Image stacks of live NIH3T3 and RPE1 cells acquired to measure cell thickness (described above) were used. The images were converted into binary images by auto thresholding in ImageJ software. Then the volumes of binary image stacks were analyzed using the 3D Objects Counter ImageJ plugin ([@B8]).

Quantification of fluorescence from Hoechst-stained DNA, MeCP2-EGFP, and α-H3K9me3
----------------------------------------------------------------------------------

Image stacks of live or immunostained NIH3T3 cells (described above) were used. The middle sections of Hoechst-stained nuclei were selected from the z-stack images. The highest intensity of a focal plane of heterochromatin and the mean intensity of the surrounding low-intensity region in a nucleus were taken as the intensities of heterochromatin and the surrounding euchromatin. These values were adjusted to account for the background intensity.

Composition estimation of euchromatin and heterochromatin in live cells
-----------------------------------------------------------------------

The genome size of diploid mouse cells is 5.6 × 10^9^ base pairs. Because 1 pg of DNA is 978 × 10^6^ base pairs (978 × 10^6^ base pairs/pg), the mass of the whole mouse genome is 5.73 pg. If we assume that nucleosomes (core histones + DNA) form every 200 base pairs of the genome and that the mass ratio of core histones to DNA is around 1:1, the mass of the nucleosomes in a mouse nucleus is 11.5 pg (5.73 × 2). The average mouse nuclear volume was calculated to be ∼1000 µm^3^ (Supplemental Figure S6B), and the density of nucleosomes in mouse euchromatin was calculated to be 11.5 mg/ml. Further estimates are described under *Results*.

Monte Carlo simulation
----------------------

Monte Carlo simulation is a computational algorithm that performs a numerical integration by making a random movement and evaluating whether the movement is acceptable based on the change in potential energy ([@B26]). All of the molecules in the simulations were treated as hard spherical bodies. We employed a Metropolis Monte Carlo method without long-range potential or hydrodynamic interactions to determine the diffusive motion of molecules ([@B42]). The diameters and diffusion coefficients (*D*s) of the crowding agents used in the simulations were 9.6 nm and 9 µm^2^ s^−1^, respectively, which are comparable to those of a single nucleosome molecule. The *D*s of tracers (spheres with diameters of 5, 10, 15, and 20 nm) were 18, 9, 6, and 4.5 µm^2^ s^−1^, respectively. These *D*s were determined by the Stokes--Einstein relationship based on parameters from the EGFP monomer, the diameter and *D* of which were 3.8 nm and 23.5 µm^2^ s^−1^, respectively ([@B27]). Simulations were conducted in a 210-nm cubic box with two compartments (left and right halves) with periodic boundaries to avoid problems caused by finite space, and make the system more like an infinite one. For the "nucleosomes only" scenario, which corresponds to 11.5 mg/ml (euchromatin) and 85.9 mg/ml (heterochromatin), 134 and 968 copies of 9.6 nm spheres (crowding agents) were randomly placed in the left and right halves of the box, respectively. These crowding agents mimicked nucleosomes displaced less than 5 nm from their initial positions at t = 0 s (the "dog on a leash" model; see also [@B27], and [@B36]). Then 50 tracers that could diffuse freely were placed in the left (euchromatin) region. The motion of the molecules was iteratively simulated following previously described procedures ([@B27]; [@B36]). For the second simulation (nucleosomes + nonnucleosomal materials), 1578 and 1578--3945 9.6 nm spheres (crowding agents) were randomly placed in the left and right regions of the box, respectively, to represent euchromatin and heterochromatin (1.53--2.5-fold density differences). To represent nucleosomes, 134- and 968 9.6-nm spheres were randomly placed in the left and right regions, with their behavior following the "dog on a leash" model. The rest of the spheres moved freely only in each half, to represent diffusing proteins and RNAs. Then 50 tracers were placed in the left (euchromatin) region. Although the simulation process was similar to the first simulation, we restricted the movements of crowding agents to within their regions to keep the density of each region constant. Results were obtained by averaging 150 samples from three independent trials. The simulation time step, Δt, was 10 ns.

Statistical analyses
--------------------

All of the statistical analyses were performed using the two-tailed Student's *t* test. *p* values less than 0.05 were considered statistically significant.
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DAPI

:   4′,6-diamidino-2-phenylindole

MeCP2

:   methyl-CpG binding protein 2

OI-DIC

:   orientation-independent differential interference contrast

OPD

:   optical path difference

RI

:   refractive index.

[^1]: The authors have no competing financial interests to declare.
